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Abstract—This paper presents a dual-channel architecture for
floating-gate transistors that can alleviate the detrimental effects
of oxide-traps seen in indirect programming techniques. The
proposed transistor consists of four input/output ports that allow
multiple paths for drain currents to flow and yet share the same
gate-oxide and poly-silicon gate. As a result, one pair of the ports
can be used for indirect programming, whereas the other pair
can be actively connected to other analog circuits. Compared
with the existing approaches for floating-gate programming, the
proposed technique avoids disruption of the circuit operation
and eliminates the effect of oxide-traps as well. In this paper we
present measured results obtained from a dual-channel floating-
gate current reference which has been fabricated in a 0.5-pm
standard CMOS process.

I. INTRODUCTION

Floating-gate (FG) transistors serve as an important circuit
element in the design of adaptive analog circuits [1] and
neuromorphic systems [2]. As a non-volatile analog memory,
FG transistors are attractive because they can be used for post-
fabrication calibration for mismatch and offset cancelation [3]
and for adjusting the threshold voltage of transistors [4]. A
floating-gate is a poly-silicon gate which is typically cou-
pled to a metal-oxide-semiconductor (MOS) transistor and is
surrounded by an insulator (typically silicon-dioxide). As a
result, electrons injected onto the floating-gate are retained for
a long period of time (>8 years for § bit retention accuracy).
The injected electrons modify the voltage of the floating-gate
and hence the threshold voltage of the coupled transistor. The
programming of FG transistors is typically achieved using
two different procedures: (a) hot electron injection to add
electrons onto the FG node and (b) Fowler-Nordheim (FN)
tunneling to remove electrons from the node [5]. Since FN
tunneling requires application of a large voltage (>15V for
a 0.5-um CMOS process), the principle is used to globally
program (erase) array of floating-gates. On the other hand,
precise programming and adaptation is achieved by carefully
controlling the hot electron injection process [5],[6].

There are two common approaches for the hot electron
injection which in this paper we refer to: (a) conventional
programming and (b) indirect programming. In the conven-
tional programming method, multiple switches are used to
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disconnect the FG transistor from the rest of the system.
This is illustrated using a FG current mirror as shown in
Fig. 1(a). The output current I,,; is a function of the charge
injected on the floating gate transistor M1 and the input
current I;,. During the phase ¢; = 1, the circuit functions as
a current mirror. I,,; = I;,, when all parameters are matched.
In the non-overlapping phase ¢ = 1, the FG transistor M1 is
isolated. Hot electron injection is then triggered by applying
an appropriate potential of V; and Vj (to achieve Vyq >4.3V
for the 0.5-um process) [5]. There are three disadvantages of
the conventional programming approach:

o The operation of the circuit (the mirror in Fig. 1(a)) has
to be disrupted for programming;

« For an n-well process, the perfect isolation of the pMOS
FG transistor is impossible: nMOS transistors can not
be used as the bulk is common and the use of pMOS
transistors would require generation multi-level gate volt-
age. Hence, a common technique used in conventional
programming is by switching the rail-to-rail voltage [7];

« Isolating the FG transistor creates a mismatch between
programming and operating conditions. As a result the
method cannot be used for analog memories where pre-
cision is important.

Indirect programming method introduced in [8] uses a
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Fig. 1.  Two existing programming approaches for FG transistors: (a)

conventional programming; (b) indirect programming.
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separate injection transistor to share a common floating-gate
with the FG transistor. As illustrated in Fig. 1(b), an additional
switch and an injection transistor M, are required. During the
phase ¢2 = 1, hot electron injection is triggered by setting
the voltages of the nodes V; and V;. FN Tunneling can be
started when a high voltage is applied at V,,. Since the
FG transistor and the injection transistor M, share the same
gate, their drain currents should theoretically be identical under
perfect matching. Compared to the conventional programming
method, the operation of the circuit (comprising of the FG
transistor) does not need to be disrupted and hence can be
continuously adapted. However, as discussed in the next sec-
tion, traps present in the gate-oxide of the injection transistor
creates a significant mismatch and in many cases leads to the
complete failure of the adaptation procedure.

In this paper, we eliminate the potential problems arising
from the oxide-traps during indirect programming by intro-
ducing a novel four terminal structure called dual-channel
floating-gate transistor. Using the dual-channel FG transistor,
we have designed a current reference circuit to demonstrate
how the proposed device can be continuously adapted while
the reference is fully operational. The paper is organized as
follows: Section II presents a mathematical model describing
the detrimental effect of oxide-traps for indirect programming.
In Section III, we present the principle of operation of the
dual-channel FG transistor and describe its programming pro-
cedure. Section IV describes a FG based current reference
implemented in a 0.5-pm standard CMOS and presents some
of the measured results. Section V concludes the paper with
some final remarks.

II. MISMATCH IN INDIRECT PROGRAMMING DUE TO
OXIDE-TRAPS

Oxide-traps are low-energy states within the gate-oxide of
the transistor that can capture the electrons/holes flowing along
the MOSFET channel between the drain and source terminal.
Electrons can also be trapped during the electron leakage or
injection transport between the channel and the floating-gate.
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Fig. 2. (a) Layout of the FG transistor and the injection transistor used in
indirect programming; (b) cross section of the drain-gate-source region.

To understand the detrimental effect of oxide-traps for indirect
programming, consider the layout and cross-sectional view of
the FG transistor along with its injection transistor (same size)
as shown in Fig. 2. Although both the transistors share the
same gate terminal in Fig. 1(b), the gate-oxides are separated
as seen in in Fig. 2(a). During indirect programming, as more
electrons are injected from the channel of M,, there exists a
finite probability that some of the electrons will get trapped
in the low-energy states present in the oxide (due to defects),
as shown in Fig. 2(b). Even though the density of traps is
significantly higher at the oxide-silicon interface, for the sake
of simplicity, we will assume that the density of occupied
traps is uniformly distributed within the gate-oxide. We will
also assume a quasi-static condition where the proportion of
the electrons being trapped is much lower than the electrons
injected into the poly-silicon gate.

Let the channel potential of the FG transistor be ;1 and
the channel potential of the injection transistor is o (see
Fig. 2(b)), the drain-to-source current of the two transistors
biased in the weak-inversion (saturation condition) can be
expressed as [9],

¥1,2 51,2
Ipsy = Ipsy = Igexp (— 212 IR |
ps1 = Ipsa = Isexp ( Ur ) exp ( Ur ) , (D

where Ig is pre-exponential current, Ur ~ 26mV is the ther-
mal voltage at room temperature and Vg; o are the respective
source voltages of the FG and injection transistor. The ratio
of the currents flowing through the injection and FG transistor
can be expressed as,

Ipsi _ exp < $1— 502> . @)
Ur

Ips2

Fig. 3. Layout diagram of dual-channel FG transistor.
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Fig. 4. Implementation example of the dual-channel programming technique.
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Fig. 5. Schematic of the programmable ring oscillator.
TABLE I
SIZES OF THE MAIN COMPONENTS USED IN FIG. 5
Component Parameter
M1-M6, M B 30pm/6p4m
MR1-MR5 27 pum/12pm
Fig. 6. Micrograph of the ring oscillator. MR6-MR10 15um/12pm
CS1,C52 500fF
. . . C1 100fF
Let the density of occupied oxide traps be denoted by n; = MO

(m~3). Then by straightforward application of Gauss’s law to
the volume charge distribution, one obtains

to:lt

—qn+X

oo — o1 = / g, 3)
0 g

where ¢ is the elementary charge, t,, is the thickness of
the gate oxide and ¢ is the electrical permittivity of silicon.
Equation (3) assumed that no traps are occupied in the oxide
of the FG transistor. Thus, the programming mismatch due to
the presence of oxide traps can be expressed as:

qntt?}z
Ipsi=1 _dMtbey 4
DS1 DS2 €Xp ( Uy ) ; 4

indicating that as the oxide-traps get occupied by electrons
during programming the mismatch between the drain cur-
rent measured at the injection transistor varies exponentially.
Thus, a scenario will arrive when the injection transistor is
completely saturated which could lead to: (a) reduction in
programming efficiency and (b) higher probability of oxide
failure at the injection transistor.

II1. DUAL-CHANNEL FLOATING-GATE TRANSISTORS

Based on the Fig. 2(b), it can be seen that the separation of
the gate-oxide in the injection and FG transistor is the main
cause of mismatch. In Fig. 3, we propose a dual-channel layout
of the FG transistor consisting of four drain/source terminals.
When nodes S1 and D1 are disconnected or connected to the
highest potential in the circuit, a transistor is formed whose

source and drain are node S2 and D2 respectively. On the
other side, a transistor is formed whose source and drain
are nodes S1 and D1 when nodes S2 and D2 are floating
or connected to the highest potential of the circuit. One of
the channels can be connected as a part of the active circuit
whereas the other channel is used for hot electron injection.
Since both of the channels share the same oxide, the traps will
effect the flow of current in an identical manner.

Figure 4 illustrates the indirect programming approach using
the proposed transistor in the same configuration of Fig. 1.
When the switch ¢ is disabled and node Vj is floating, there
is no current flowing through the horizontal channel (from S1
to D1). The horizontal transistor in Fig. 4 can be neglected and
the circuit functions as a current mirror. In the programming
mode, switch ¢2 is closed and the circuit can be powered
down (leaving V4 floating). Since there is no current flowing
through the vertical channel (from S2 to D2), the vertical
transistor in Fig. 4 can be neglected. When the nodes Vj
and V; are set appropriately, the hot electron injection can be
triggered to add electrons onto the FG node. Compared with
Fig. 1 and Fig. 4, the proposed approach requires only one
switch which is the case in the original indirect programming.
However, the proposed device does not suffer from detrimental
effects of the oxide-traps.
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IV. IMPLEMENTATION EXAMPLE

The proposed dual-channel floating-gate transistor was inte-
grated into a current reference circuit which was proposed in
[10]. The schematic of the current reference circuit, the start-
up circuit (formed by MS1-MS4 together with C'S1-CS2)
and the current measurement circuit is shown in Fig. 5. The
current reference is used to drive the input of a current starved
ring oscillator whose frequency is directly proportional to the
programmed current.

The oscillator consists of a 5-stage inverter chain and a
programmable current reference. The inverter chain is formed
by M R1-M R10 whose source current is mirrored by M B
from the current reference. MT is used to reset the oscillator.
The current reference is implemented with the conventional
architecture except that M1 is a FG pMOS transistor whose
charges on the FG node can be modified through the proposed
programming approach. Assuming M 1-M6 are biased in the
weak inversion region, the current flowing through R in the
current reference can be expressed as [9],

KAQ

ROL 4)
where k is the subthreshold gate coupling coefficient, C'1 is
the capacitor on the FG node and A() is the charge stored on
floating-gate capacitor C'1. From equation (5), the current is
found to be determined by the charges on the FG node. Thus,
the output current of the reference can be adjusted through the
proposed dual-channel programming.

Since the dual-channel programming approach is non-
invasive, no addition switch is needed for injection and FN
tunneling and the current reference can function at the 10nA
or lower. The prototype of the ring oscillator has been imple-
mented in a 0.5-pym standard CMOS process whose microg-
raphy is shown in Fig. 6. The sizes of the main components
are listed in TABLE L.

When the reference current is programmed for the ring
oscillator, an adjustable output frequency is obtained. The
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Fig. 7. Measured results for ring oscillator.

performance of the ring oscillator is measured and shown
in Fig. 7. When the dual-channel injection is performed,
the generated current is increased according to equation (5),
which results in an increment of the frequency. When the
FN tunneling is performed, the electrons are removed and
the frequency is reduced. The sourcing current of the inverter
chain is measured to vary in a range from 5 nA to 500 nA.
The resultant change of the output frequency is measured from
2 kHz to 120 kHz. The tunable range of the frequency is
achieved and any frequency within this range can be easily
adjusted after fabrication with the proposed programming
approach.

V. CONCLUSION

In this paper, we have presented a novel dual channel
floating-gate transistor that can be used to alleviate the detri-
mental effects of oxide-traps in indirect programming. By
ensuring that a floating-gate transistor and a separate injection
transistor share not only the gate but also the oxide-layer, the
mismatch introduced by electron trapping is eliminated. We
incorporated the dual-channel FG transistor into our previously
reported floating-gate current reference and we have verified
its functionality using a prototype fabricated in a standard
CMOS process. The dual-channel FG transistor will be useful
for analog architectures where long-term continuous adapta-
tion is required and for accurate observation of its internal
state variables.
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